A B S T R A C T A sensitive and precise competitivedisplacement double-antibody radioimmunoassay was developed for the human plasma enzyme lecithincholesterol acyltransferase (LCAT; EC 2.3 1.43). The ability of plasma from various animal species to displace labeled human LCAT from goat anti-human LCAT could be ranked in the following order: man and sheep > nonhuman primates > cat or dog > pig > rabbit or guinea pig > mouse > rat. Normolipidemic subjects had levels of LCAT of 6.14+0.98 ,ug/ml (mean± SD, n = 66). Subjects with dysbeta-lipoproteinemia had the highest plasma LCAT levels (7.88±0.39 ,ug/ml, n = 7, P < 0.05), followed by hypercholesterolemic subjects (7.00±1.30, n = 41) and hypertriglyceridemic subjects (6.96±1.3, n = 10). LCATdeficient subjects had the lowest enzyme levels (0.89, 0.83, and 0.05 ,ug/ml, respectively, and two subjects with no detectable enzyme). Males had lower LCAT levels (6.42±1.05 ,ug/ml, n = 90, for all subjects; 5.99+1.03, n = 44, for normolipidemics) than females (7.01+1.14, n = 34, forall subjectsP < 0.01; 6.44+0.79, n = 22, for normolipidemics, P < 0.01). LCAT levels correlated significantly with total cholesterol (males, r = 0.384, P < 0.001; females, r = 0.519, P < 0.002); and total triglyceride (only in females, r = 0.512, P <0.002). LCAT levels in females correlated inversely with HDL cholesterol (r = -0.341, P < 0.05) and apoprotein D (r = -0.443, P < 0.02), but no such relationship existed in males.
INTRODUCTION
Plasma from many mammalian species contains an enzyme, lecithin-cholesterol acyltransferase (LCAT)l Dr. Albers is an Established Investigator of the American Heart Association.
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(EC 2.3 1.43), which catalyzes the esterification of cholesterol by transferring a fatty acyl residue primarily from the carbon-2 position of phosphatidyl choline to the 3-hydroxyl group of unesterified cholesterol (1, 2) . LCAT reacts preferentially with plasma high density lipoproteins (HDL) and is responsible for the formation of most of the cholesteryl esters found in human plasma (1, 2) . Although this enzyme has been postulated to play a role in the removal of cholesterol from peripheral tissues, the physiological role of the enzyme is not yet fully established.
Cholesterol esterification in plasma is measured by a variety of chemical and radiochemical techniques. Although these assays may reflect the physiological esterification rate, they do not readily distinguish the influences of enzyme from those of the substrate, cofactors, and products. Subjects with derangements of lipoprotein metabolism may have lipoproteins with altered reactivity with LCAT, altered concentrations of the enzyme, or both. A direct measurement of the mass of the enzyme, coupled with a measurement of esterification rate, may permit differentiation of abnormalities of the enzyme from qualitative or quantitative substrate or cofactor abnormalities.
This study describes the development of a specific and sensitive radioimmunoassay for the human plasma LCAT enzyme and its first application to the measurement of LCAT in normolipidemic and hyperlipidemic subjects, and in five subjects with familial LCAT deficiency. The relationship of LCAT levels to lipid, lipoprotein, and apoprotein levels is described. In addition, the ability of LCAT from numerous animal species to displace human LCAT from its homologous antibody is examined.
METHODS
Preparation of antigen and antibody. LCAT was isolated from 1,500 ml of fresh human plasma by a combination of ultracentrifugation and, affinity, anion, and absorption chromatography as described (3) (4) (5) . To isolate LCAT used to immunize the goat, the d = 1.21-1.25 fraction was isolated by sequential ultracentrifugation, dialyzed, and applied to a HDL-Sepharose affinity column (5) . A protein peak containing enzyme activity was eluted with 0.5 mM sodium taurocholate. This fraction was then separated on a DEAE-Sepharose CL-6B (Pharmacia Fine Chemicals, Inc., Piscataway, N.J.) column and eluted with a linear gradient of NaCl. Protein containing LCAT activity was eluted at a NaCl concentration of -90-164 mM, pooled, dialvzed, and passed through a hydroxylapatite column. The enzyme was eluted with a linear phosphate gradient. A single protein peak containing enzyme activity was eluted at a phosphate concentration of 28-36 mM (5) .
Recently, phenyl-Sepharose CL-4B affinity chromatography (Pharmacia Fine Chemicals) has been substituted for the HDL affinity chromatographic step for the preparation of LCAT used in the radioimmunoassay. The d = 1.21-1.25 plasma fraction can be applied directly to the column without dialysis. Furthermore, the phenyl-Sepharose has greater binding capacity per milliliter bed volume than does the HDL affinity column. Specifically, -350 ml of the d = 1.21-1.25 plasma fraction containing 6-7 mg/ml of protein and 2.9 NI KBr was added to a 2.5 x 26-cmll columni containing 140 ml phenyl-Sepharose CL-4B equilibrated with radioimmunoassay (RIA) buffer (see below) at 4°C. After binding the LCAT fraction, the column xwas wvashed with 900 ml of RIA buffer at a flow rate of 60 ml/h, and the enzvme was then eltuted with 300 ml of distilled water into 20-ml fractions. A single protein peak containing LCAT activity was eluted in fractions 5 through 7.
The purified LCAT preparation was homogenous by sodium dodecyl sulfate gel electrophoresis with an apparent molecular weight of 66,000±2,000 (n = 6). The amino acid analysis of the LCAT preparation was essentiallv as described (4, 5) . Protein was determined by the method of Lowry et al. (6) . Electrophoresis by the method of Davis (7), uising an acrylamide monomer concentration of 7.5%, separated out -50 ,ug of the purified LCAT on each analvtical polyacrvlamide gel column (0.7 x 70 cm). The single LCAT band was made visible with 0.5 mg/dl anilinonaphthalene sulfonate containing 25% Na2SO4 to prevent diffusion, and a 1-2-mm section cut from each gel. The gel pieces containing -500 ,.g of LCAT were ground into fine pieces with a mortar and pestle, mixed with 0.3 ml of distilled water and an equal volume of complete Freund's adjuvant (Difco Laboratories, Detroit, mich.), and emulsified by forcing the mixture back and forth through a 25-gauge needle. The emulsified gels were injected subcutaneously into a goat in the upper back and intramuscularly in the thigh. The goat wvas given a booster injection 7 (16), and then redissolved in RIA buffer before radioimmunoassay.
Apoprotein A-I and A-II quantification was performed by radial immunodiffusion (17, 18) . Apoproteins A-I and A-II were prepared as described (18) . Similarly, apoprotein D vas measured by radial immunodiffusion, but instead of treating plasma with dissociating agents, whole plasma was added directly to the gel plate. Apoprotein D was prepared by hydroxylapatite chromatography of delipidated HDL (19) . Delipidation of plasma with combinations of organic solvents (14, 15) did not alter the apoprotein D immunoreactivity. 2 To measure the plasma esterification rate, 0.2 ml of fresh plasma containing 1.5 mg/ml of disodium EDTA was incubated in quadruplicate on ice or at 37°C in a shaking water bath for 40 min. The LCAT reaction was stopped by the addition of 2 ml of ethanol, and the sample extracted with hexane (20). The hexane extract was then evaporated dry, and the unesterified cholesterol determined by the Merck enzymatic method (E. Merck, Darmstadt, Federal Republic of Germany) as described by Dieplinger and Kostner (21) . LCAT activity of the purified enzyme was determined from the conversion of [4-14C] cholesterol to labeled cholesteryl ester in the presence of egg lecithin, apoprotein A-I, human serum albumin, and mercaptaethanol as described by Albers et al. (5) . Esterification was tested after preincubating substrate with apoprotein for 30 min before adding enzyme.
RIA conditions. Assay conditions were designed for optimal measurement of LCAT at a 1:50 dilution of plasma. The dilution of antibody was chosen to precipitate -50% of the radioactivity precipitated with a 1:20 dilution of anti-LCAT sera. To each 10 x 75-mm glass tube precoated with Column Coat (Miles Laboratories, Inc., Ames Div., Elkhart, Ind.) was added 100 ul of sample or standard, followed by 100 ,l of 125I-LCAT (0.03 ,g/ml), and then 100 i1 of goat anti-human LCAT sera (diluted 1:450 (radioactivity precipitated when no unlabeled LCAT is added to the assay mixture minus radioactivity in nonspecific precipitate), B = net counts in the presence of test sample or LCAT standard (radioactivity precipitated minus radioactivity in nonspecific precipitate).
Mean differences between groups were tested using the two-sample t test. Test for equality of slopes was also determined by t test. Pearson's correlation coefficient (r) was used to show the degree of linear association betweeen the FIGURE 1 Inhibition of LCAT activity with IgG from anti-LCAT sera. Fresh plasma or purified LCAT (0.3 ml) was incubated with an equal volume of nonimmune IgG (0, plasma; A, purified LCAT) or IgG from anti-LCAT sera (0, plasma; A, purified LCAT) at the indicated concentrations for 1 h at 37°C and then for 12 h at 40C. After the mixture was centrifuged at 4°C at 11,000 g-min, the supematant solution was analysed for LCAT activity. Plasma in the absence of IgG converted 71 nmol cholesterol h-' ml-1. Purified LCAT (1 ,ug) converted 9 nmol cholesterol h-' ml-' using cholesterol-lecithin vesicles as substrate. different variables. The significance of r was found from the t distribution using the formula t"_2 = NT(n -2)(1 -r2). Alternatively, Spearman's rank correlation coefficient was used to determine the association between the variables (22) .
RESULTS
LCAT inhibition with antibody. Preincubation of plasma with immunoglobulin isolated from the specific anti-LCAT sera (see Methods) completely inhibited the plasma LCAT activity (Fig. 1) . Preincubation of plasma with immunoglobulin from nonimmune sera, however, had little effect on plasma LCAT activity. Similarly, preincubation of purified enzyme with immunoglobulin from anti-LCAT sera completely inhibited all enzyme activity (Fig. 1) .
Validation of the assay. According to conditions described for maximum precipitation (1:20 dilution of antisera), 86.4+2.6% (mean-+SD) (n = 8) of the radioactivity was precipitable with anti-LCAT sera. Only 0.7+0.3% of the radioactivity was precipitated with nonimmune goat serum (nonspecific control). Under normal assay conditions (1: B/Bo (see Methods). The correlation coefficient (r) of the logit of B/Bo vs. log antigen dose averaged -0.998±+ 0.001 and the slope -2.08±0.11 (mean±SD) (n = 6). The concentration of unlabeled LCAT required to obtain a B/B0 of 0.5 was 146±17 ng/ml (n = 8). The lower limit of sensitivity of the assay, that is, the dose of antigen needed to produce a response 2 SD from the zero dose response, was -21 ng/ml. As little as 50 ng/ml of LCAT could be reliably detected with a coefficient variation of -14%. All six plasma samples examined, including two hypertriglyceridemic samples, displayed parallelism with the LCAT standard. For example, the displacement curve obtained with standard had a slope of -2.10 and that with normal plasma a slope of -2.05 (Fig. 2) . To test recovery of purified LCAT, 20 ng of LCAT standard was added to each of three plasma samples. The mean recovery of the purified LCAT was 101%.
To assess between-assay reproducibility, two plasma samples stored at 4°C in sealed 5-ml vials were analyzed each assay day. Their means and standard deviations were as follows: 7.34±0.44 ng/ml, n = 7, coefficient of variation = 6.0; 5.25±0.47 ng/ml, n = 7, coefficient of variation = 8.9%. Thus, the between-assay variation ranged from 6 to 9% for most plasma samples.
To test whether lipids mask the antigenic determinants of LCAT or in some way decrease the reactivity of LCAT for the LCAT antibody, the plasma lipids were extracted with methanol-diethyl ether or with ethanol-diethyl ether (see Methods). To each plasma sample was added 1 ,ug of labeled LCAT to estimate protein recovery of the delipidation steps. The LCAT concentration of six plasma samples was 6.21±0.36 ,ug/ml, but only 1.59±0.37 ,ug/ml after extraction with methanol-ether and only 2.0±0.7 jig/ml after extraction with ethanol-ether. An average of 87% of the labeled LCAT was recovered after methanolether extraction and 75% was recovered after ethanolether extraction. Thus, after correction for losses due to delipidation, we find that methanol-ether extraction reduced the apparent concentration of plasma LCAT -71% and ethanol-ether treatment reduced the concentration -57%.
Because nearly complete extraction of lipids may alter the conformation of the LCAT protein such that its reactivity with antibody is decreased, additional plasma samples were extracted by a milder procedure involving only partial extraction of the lipids with heptane (see Methods). Plasma samples that underwent partial lipid extraction by this method had LCAT values only slightly lower (8% on the average) than untreated plasma (6.70±0.60 compared with 7.27±0.73 ng/ml, n = 6). 96% of the labeled LCAT was recovered after the heptane treatment. Thus, the immunoreactivity of plasma samples after partial delipidation was nearly identical to those before delipidation. Also, preincubation of plasma with 0.1% Tween 20 (final concentration) had no effect on the LCAT immunoreactivity.
Effect of freezing on the measurement of LCAT in plasma. Aliquots of 27 fresh plasma samples were quick-frozen in acetone with dry ice and placed in a -200C freezer. Separate aliquots were placed directly in a -600C freezer. The next day all samples were analyzed for LCAT by radioimmunoassay. The LCAT values of the fresh samples (5.42± 1.11 ,ug/ml, n = 27) were not significantly different, as determined by paired t test, from aliquots of the quick-frozen samples (5.70±1.07 ,ug/ml) or from those placed in a -600C freezer (5.84±1.13 Ag/ml).
Furthermore, the values on fresh plasma were highly correlated with both sets of frozen samples (r = 0.90 and 0.91, respectively). Furthermore, storage of plasma samples for 2 mo at 40C did not alter the immunoreactivity of LCAT. LCAT in plasma fractions. LCAT in the d = 1.063-1.21 HDL fraction produced a displacement curve parallel to that obtained with whole plasma or purified enzyme (Fig. 2) , indicating the immunological similarity of the LCAT-lipid complex in the HDL fraction and that of the purified enzyme. Approximately half of the total enzyme in plasma was recovered in the HDL fraction, and 31±7% was recovered in the d > 1.21 fraction (Table I) . Negligible amounts of enzyme were obtained in the d < 1.063 fraction (0.6±0.3%). Approximately 19% of the total LCAT was lost by the fractionation and subsequent dialysis procedures. Addition of the LCAT inhibitor 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) to the plasma before fractionation did not significantly affect the distribution of LCAT in the plasma fractions (Table I) . Fresh plasma from four normolipidemic healthy adults was fractionated by sequential ultracentrifugation in the absence or presence of 1.6 mM DTNB, an LCAT inhibitor. Results expressed as mean±SD.
LCAT concentration in LCAT deficiency. The displacement curves obtained with LCAT-deficient plasma from two subjects, M.R. with a slope of -2.04 and A.A. with a slope of -2.04, were parallel to that obtained with the LCAT standard with a slope of -2.10 ( Fig. 2) . However, the concentration of LCAT in these two LCAT-deficient plasma samples was -10-15% of that found in normal plasma. M.R. had an LCAT concentration of 0.89 ,ug/ml, and A.A., 0.83 ,ug/ml. Normal plasma contains -5-8 ,ug LCAT/ml. Another LCAT-deficient patient, M.L., had an apparent concentration of0.05 Ag/ml, whereas plasma from two other LCAT-deficient patients, S.F. and D.H., gave negligible displacement of labeled LCAT and therefore appeared to contain < 0.02 ,g/ml of LCAT (below the sensitivity of the assay).
Plasma LCAT concentration in normolipidemic and hyperlipidemic subjects. Plasma LCAT levels in normolipidemic and hyperlipidemic subjects are shown in Table II . Hypercholesterolemic subjects and hypertriglyceridemic females tended to have higher plasma levels of LCAT than did normolipidemic subjects (P < 0.01). Subjects with dysbeta-lipoproteinemia had significantly higher levels of LCAT than did normnolipidemic subjects or hypertriglyceridemic males (P <0.01) and somewhat higher levels than hypercholesterolemic subjects (P < 0.05). Males had slightly lower plasma LCAT levels (6.42±1.25 ,ug/ml, n = 90) than did the females (7.01±1.14 ,ug/ml, n = 34, P < 0.01). Examination of the normolipidenlic, hypercholesterolemic, and hypertriglyceridemic groups also indicated that males generally had lower levels than did females (Table II) .
LCAT concentration: relationship to lipid, lipoprotein, and apoprotein levels. Plasma cholesterol in males and females, plasma triglyceride and VLDL cholesterol in females, and LDL cholesterol in males were all significantly correlated with plasma LCAT concentrations (Table III) . HDL cholesterol (Table III) and apoprotein D (not shown) were inversely correlated with LCAT mass in females (r = -0.443, n = 29, P < 0.02), but had no relationship with LCAT mass in males. The HDL apoproteins A-I or A-II did not correlate significantly with plasma LCAT concentra- Radioimmunoassay of Lecithin-Cholesterol Acyltransferase Study population includes 90 males and 34 females with the distribution of lipid profiles as shown in Table II. tions (not shown). Analysis of the data using Spearman's nonparametric correlation corroborated these conclusions.
The smaller variance in triglyceride (Table II) LCAT in nonhuman species. Plasma samples from a variety of species were examined for their ability to displace 125I-labeled human LCAT from goat antihuman LCAT (Fig. 3) . All five of the nonhuman primates examined produced displacement curves that were not parallel to that obtained with human plasma. Human plasma produced a displacement curve with a slope of -2.05 and plasma from the nonhuman primates produced shallower slopes of -1.49 (Japanese macaque, Macaca fuscata), -1.47 (pigtail monkey, M. nemistrina), and -1.44 (rhesus monkey, M. mulatta) (Fig. 3) ; and -1.37 (baboorn, Papio papio) and -1.28 (cynomolgus monkey, M. fasicularis) (not shown). Plasma from a sheep produced a slope of -2.09, parallel to that formed with human plasma (Fig. 3) . Plasma from three other sheep also produced slopes parallel to that found with human plasma. The apparent LCAT concentration of sheep plasma was 4.25±0.88 ,ug/ml (n = 4), in a concentration range slightly lower than that found for human plasma. Plasma from other species was much less effective than was human plasma in displacing the labeled LCAT, yielding displacement curves with slopes of -1.02 (cat), -1.00 (dog), 0.74 (pig), -0.63 (guinea pig), and -0.61 (rabbit) (Fig. 3) . Plasma from mice or rats produced little displacement (Fig. 3) . Therefore, the ability of the plasma from various animal species to displace labeled human LCAT from goat antihuman LCAT could be ranked in the following order: man and sheep > nonhuman primates (Japanese macaque, pigtail, cynomolgus, and rhesus monkeys, and baboon) > cat or dog > pig, rabbit, or guinea pig > mouse > rat.
DISCUSSION
This report describes for the first time a specific, sensitive, and precise immunoassay for the human plasma enzyme LCAT. The assay appears to be a valid and specific measure of this enzyme by a number of criteria. First, preincubation of whole plasma or purified enzyme with anti-LCAT sera completely inhibited the LCAT reaction. Second, <2% of the total radioactivity was displaced by VLDL, LDL, and a variety of apoproteins. Third, and most importantly, plasma from two LCAT-deficient patients failed to displace the labeled LCAT from its homologous antibody. Fourth, lipoprotein-bound and purified enzyme produced parallel displacement curves. Fifth, partial or complete dissociation of lipid from the enzyme failed to enhance the enzyme's immunoreactivity. Surprisingly, LCAT from sheep appeared to be immunologically identical to human LCAT, because the displacement curve produced by the sheep sera was parallel to that formed by human sera. Although this finding suggests that sheep LCAT is quite similar structurally to that of human LCAT, it is possible that significant immunological differences could be observed between the LCAT of the two species if the immunological conditions were altered or if different antisera were used, particularly if the antisera were derived from species other than the goat. As expected, with the exception of the sheep, plasma from the nonhuman primates appeared immunologically most similar to that of human plasma.
The finding that most of the LCAT mass was recovered in the d = 1.063-1.21 fraction suggests that the enzyme has a high affinity for lipoprotein particles in the HDL range. It is likely that ultracentrifugation alters the lipoprotein distribution of LCAT. Because the amounts of enzyme found in the HDL fraction were approximately the same whether or not the plasma fractionation was performed in the presence of DTNB, it appears that enzyme activity is not required for the enzyme to bind to the HDL fraction. The availability of specific anti-LCAT sera should now allow the isolation and characterization of these LCAT-HDL complexes through application of specific antibody-affinity chromatography.
Understanding of the role of LCAT in normal lipoprotein metabolism has been enhanced considerably through studies of patients with familial LCAT deficiency (11, 24) . It is believed that the lack of enzyme activity in the plasma of these subjects is due to the complete absence of the enzyme (11) . Two subjects with familial LCAT deficiency from different families from the same region of Norway (M.R. and A.A.), have low but significant levels (>10% of normal) of the enzyme in their plasma. They appear to have a complete lack of LCAT activity (11) , which suggests these subjects have low levels of a functionally defective enzyme in their plasma. It should be noted that the LCAT in these LCAT-deficient subjects appeared to be immunologically similar to LCAT in normal subjects. Plasma from a LCAT-deficient patient (M.L.) from a family in Sweden contained very low (<1% of normal) but detectable levels of enzyme mass. This Swedish patient differs from the Norwegian patients in that she has low (<10% of normal) but detectable levels of enzyme activity in her plasma (11, 25) . Thus, her defect is consistent with very low levels of normal functional enzyme. In contrast to these three patients, the two Canadian LCAT-deficient subjects from the same family (D.H. and S.F.) contained essentially no detectable enzyme mass or activity. Thus, these preliminary studies suggest that different mutations may be involved in the production of familial LCAT deficiency.
Although a number of reports have suggested that males tend to have higher LCAT activity than do females (26) (27) (28) , the males in this study tended to have lower LCAT mass than females. These observations suggest the possibility that the plasma of males and females differ significantly in substrate or cofactor properties. Plasma from hyperlipidemic subjects has been reported to have higher initial esterification rates than plasma from normolipidemic subjects (28, 29) . It has been unclear whether hyperlipidemic subjects have increased concentrations of enzyme or have better or more available substrate. Findings in this study of higher LCAT levels in hyperlipidemic subjects and a significant positive correlation of LCAT with cholesterol and triglyceride levels suggest that hyperlipidemic subjects have higher esterification rates, in part because of increased enzyme concentration. It should be noted that the subjects with type III hyperlipoproteinemia, with the highest levels of both cholesterol and triglyceride, had the highest LCAT levels. Furthermore, these findings are consistent with the concept that increased triglyceride secretion is associated with increased LCAT secretion (30) . It should be emphasized, however, that we cannot asume that the amount of immunoreactive enzyme correlates directly with the enzyme's catalytic activity. Verification of this assumption must await studies of LCAT mass coupled with the measurement of enzymatic activity of LCAT, using a common substrate method (31) , and the assay ofthe initial esterification rate, using the subject's plasma as substrate. A failure to establish an association between immunoreactive LCAT levels and enzyme activity could suggest the presence of an inactive on nonfunctional enzyme, as appears to be the case with at least two of the LCAT-deficient subjects.
The RIA for human plasma LCAT represents a major advance in our technology, which can be applied to enhance our understanding ofthe role of LCAT in normal and abnormal lipoprotein metabolism.
